Introduction
Stress is defined as a reaction of the organism in response to various stressogenic stimuli that tend to disturb its homeostasis. Crucial for helping an organism to preserve its stability during stress are hypothalamic-pituitary-adrenocortical (HPA) and sympathoadrenomedullary system, both having adrenal glands as terminal effectors. Adrenal gland is considered to be the key effectory organ involved in body's response to various stressors, through both medulla-and cortexderived hormones, adrenalin/noradrenaline and cortical steroids, respectively [1, 2] .
According to classical view of a concentric arrangement, the adrenal gland consists of centrally positioned medulla, surrounded by cortex, together enclosed within connective tissue capsule [3, 4] . Cortex is further roughly subdivided into outer zona glomerulosa (mainly engaged in synthesis and secretion of mineralocorticoids), medial zona fasciculata (glucocorticoids) and inner zona reticularis (androgens). Although all three cortical zones may be influenced by ACTH stimulation, especially if it is prolonged, primary target for action of this trophic hormone is zona fasciculata as the main source of corticosterone (CORT), also known as hormone of stress.
In order to elucidate mechanisms involved in stress response, numerous animal models of stress are developed, which use different stressogenic stimuli such as fasting, noise, cold or heat exposure, physical restrain or crowding, to mention only some of them. Investigating the effects of different types of stressors (fasting, crowding, heat or cold) on HPA system, [5] confirmed previously proposed hypothesis that the HPA-response is specific in dependence of type of stressor and duration of exposure, and that it probably involves distinct central and peripheral pathways and mechanisms of regulation. Of note, they found that exposure of rats to ambient temperature of 38ºC for 60 minutes was the strongest among all applied stressors in activation of HPA axis, provoking the most significant changes in cholesterol content and concentration of ACTH and CORT. Additionally, in regard to histological appearance of adrenal gland [6] , it was shown that acute heat exposure induced reduction of adrenal cortex, particularly its zona fasciculata, due to depletion of lipid droplets as stores of CORT precursor cholesterol, as well as lack of otherwise normally present mitosis of adrenocorticocytes. Numerous other studies also showed synchronised alterations of adrenal gland structure and function during acute or chronic effects of different stressors [7] [8] [9] .
Majority of studies are related to chronic effects of high temperatures on the adrenal gland [2, 10] , and almost there are no detailed studies of short-term effects of elevated temperature on this gland. Bearing in mind the importance of adrenal gland, especially its corticosterone producing zona fasciculata, in stress response together with the concept of morphofunctional integrity of organs, we performed this morphometric and ultrastructural study in order to elucidate structural alterations of rat adrenal gland after acute heat exposure (38ºC for 60 min) in the context of previously confirmed very strong body stress reaction.
Experimental Procedures
In this study male rats of Wistar strain (Rattus norvegicus Berkenhaut 1769), weighing 320±30 g, were acclimated to 22±1ºC and kept under a 12:12 h light:dark cycle. Animals were fed with commercial rat food and drank tap water ad libitum. Rats were divided in two groups, each consisting of ten rats. The animals from the first group were intact controls. The rats from the second group were exposed to an ambient temperature of 38°C for 60 min in a hot chamber, immediately before sacrifice.
After measuring of body mass and temperature, animals were sacrified by decapitation using guillotine (Harward-Apparatus, Holliston, MA, USA). The left adrenal gland from each animal was removed, freed of fat on ice and weighed. Blood for ACTH, CORT and aldosterone determination was collected from trunk. Plasma ACTH concentration was determined by a chemiluminescence metod using an IMMULATE automatic analyzer (DPC, Los Angeles, CA, USA), and values are expressed as pg ACTH/ml plasma. Serum CORT level was determined using a corticosterone EIA kit (Immunodiagnostic System Ltd, Boldon, UK) and values exspressed as ng CORT/ml serum. Serum aldosterone concentration was determineted using a ELISA kit (Immuno-Biological Laboratories, Inc., Minneapolis, USA), and values are expressed as ng aldosterone/dl serum.
Each left adrenal gland was fixed in 4% formaline solution and embedded in paraffin, according to standard procedure. Adrenal gland was serially cut into 5 μm thick sections on a 'Reichert' rotation microtome. Sections were stained by the AZAN trichrome technique. Stereological analysis was performed using multipurpose test grid M42 by a point counting technique [11] . The volume density (Vv) of parenchymal cell nuclei, cytoplasm and conective tissue together with blood vessels (interstitium) were estimated and the number of nuclear profiles of adrenocortical cells per unit area of sections was counted at magnification of 1000x. Ten fields of each adrenal zona (zona glomeruloza, ZG; zona fasciculata, ZF; zona reticularis, ZR) were measured at the widest diameter and counted in a single section from each animal. based on earlier karyometric studies [12] , the shape coefficient, which relates Nv (numerical density of adrenocortical cells per mm 3 ) to NA (number of cells per mm 2 of adrenocortical section) and Vv depending on the axial ratio of estimated nuclei, was assumed to be 1.382 for ZF and ZR, and 1.500 for ZG. The number of nuclei of cortical cells per mm 3 was calculated according to the method of Weibel & Gomez [13] . Because rat cortical cells are mononuclear, the numerical density of nuclei corresponds to number of cells per mm 3 . The mean volume (V) of cells and nuclei of zones was estimated from formula:
The mean diameter (D) of blood vessels in ZF and ZR was estimated from the formula: D=6Vv blood vessels/Sv blood vessels, where Sv=2I/Lt (I, number of intersections on blood vessels; Lt, total length of test lines). The length of the blood vessels was calculated from the formula:
For ultrastructural study right adrenal gland from six animals was used. Glands were fixed in 4% glutaraldehyde in 0.1 M phosphate-buffer, postfixed in 1% osmium tetroxide, and then contrasted with water solution of uranyl-acetate overnight at 4ºC, dehydrated in alcohol and propylene oxid, and embedded in EPON. Semi-thin sections were cut on an LKB III ultratome and stained with toluidine blue, and then used for identifications of adrenocortical zones. Ultra-thin sections were stained with lead-citrate, and examined under a CM 12 Philips electron microscope.
The experiments were performed according to the rules of animal care proposed by Serbian Laboratory Animal Science Association (SLASA), which is member of Federation of European Laboratory Animal Science Association (FELASA).
For a comparison between the two groups, the Student t-test was used and the level of significance was set at P<0.05.
Results
Acute heat stress (60 min at 38°C in hot chamber) lead to hyperthermia as it was manifested by increased rat body temperature from physiological 38ºC to over 40ºC ( Table 1) . Despite assumed dehydratation, rat body mass was only slightly decreased. The absolute and relative gland masses of heat-exposed rats also remained unchanged ( Table 1) .
Plasma ACTH, serum CORT and aldosterone levels in heat stressed rats were significantly increased in comparison to control animals (rise of ACTH from 50.56±7.83 in control to 231.5±51.07, P<0.01; of CORT from 17.6±2.46 in control to 597.9±34.9, P<0.001; of aldosterone from 18.8±1.31 in control to 52.6±5.4, P<0.001) ( Figure 1) .
The volume densities of adrenal gland components and cortical zones are shown in Figure 2 . The volume density of adrenal capsula was significantly decreased in heat stressed animals (alleviation from 2.4±0.2 Table 2 . In zona fasciculata, cell volume was significantly increased (ascending from 1623±72.7 in control to 1974±121.2; P<0.05), with concomitant decrease in numerical density of cells per mm 3 (reduction from 433±18.7 in control to 373±21.4, P<0.05). Nuclear volume in fasciculata, as well as all investigated parameters in glomerulosa and reticularis zones remained unchanged.
Treatment did not affect length of blood vessels in both zona fasciculata and zona reticularis, while their mean diameter significantly decreased in zona fasciculata (alleviation from 6.06±0.2 in control to 5.34±0.3; P<0.05).
Quantitative analysis of cells from all three cortical layers performed at the ultrastructural level gave following results ( Table 3) .
Among three cortical zones, values for all investigated parameters, namely, volume densities of nuclei, mitochondria and lipid droplets of parenchymal cells were significantly changed only in glomerulosa cells: volume density of mitochondria was significantly increased (augmentation from 0.13±0.01 in control to 0.25±0.01; P<0.001) and that of lipid droplets decreased (alleviation from 0.31±0.02 in control to 0.11±0.01; P<0.001). Number of mitochondria per μm 2 of cell from glomerulosa was increased (rise from 0.27±0.02 in control to 0.46±0.03; P<0.001) while number of lipid droplets was decreased (reduction from 0.44±0.03 in control to 0.18±0.02; P<0.001). Division of mitochondria in cells of zona glomerulosa in heat stressed rats was also observed (Figure 3) .
Investigations of zona fasciculata gave us further details about internal organization of its cells (Figure 4 , control rats, Figure 5 , heat-exposed rats). After heat stress, depletion of lipid droplets from fasciculata cells was noticed, which was supported by the quantitative data on diminishing in lipid droplets number per μm 2 of cell (decline from 1.46±0.27 in control to 0.77±0.17; P<0.05). The presence of small lipid droplets near the cell membrane, as well as in the capillary lumen, suggests that they might be extruded from fasciculata cells into the circulation (Figure 6 ). Close association of lipid droplets and mitochondria as indication of their functional cooperation in corticosterone synthesis was also observed in heat-exposed animals ( Figure 7 ). Mitochondria were ultrastructurally well preserved and small crystal-like inclusions were observed in the matrix of some (Figure 8 ) cells. Volume density of mitochondria was significantly increased in heat In zona reticularis, the only discernible alteration was related to lipid droplets -their number per μm 2 was increased (augmentation from 0.41±0.05 in control to 0.86±0.05; P<0.001). 
Discussion
In the present study, we performed morphological and stereological analysis of rat adrenal glands after exposure to short-term heat stress (38ºC, 60 min). Exposure to heat significantly raised rat body temperature to over 40ºC, which Sriramachari considered as severe hyperpyrexia [14] .
In this study it was shown that short-term heat exposure induced a significant rise in plasma ACTH and serum CORT levels. This finding is in accordance with data from the literature on strong correlation between increase of blood ACTH and CORT and exposure of experimental animals to different stressors, such as high ambient temperature [5, 10, 15] . When scientists compared the effects of psychological and physical stressors on peripheral CORT concentrations, they found that plasma CORT levels were elevated in response to each stressor. However response to physical stressors was higher [12, 16] . Our results are in line with the well established fact that ACTH and CORT levels represents the measure of the stress response intensity, particularly in its acute phase [17, 18] .
On the other hand, it was shown in earlier studies, that under conditions of stress, both ACTH and vassopresin (AVP) secretion was increased [17] and when ACTH was secreted in large amounts it could stimulate aldosterone secretion. Aldosterone secretion is increased during acute or chronic sodium depletion or fluid loss, erect postural position, dietary potassium loading, and tissue damage leading to hyperkalemia [19] . Zona glomerulosa is a source of aldosterone, hormone engaged in regulation of sodium and potassium homeostasis and water balance. Data on aldosterone's significant change under these experimental conditions points that dehydration was a very strong treatment. The effect of dehydration, caused by hyperthermia, provokes secretion of aldosterone which is necessary to re-establish osmotic homeostasis.
Since fasciculata cells are responsible for synthesis and release of stress hormone corticosterone, we paid special attention on this zone, expecting to find pronounced stereological and morphometric alterations. Obtained results showed that volume of zona fasciculata cells was significantly increased, while numerical density of cells per mm 3 was concordantly decreased. However, these changes did not quantitatively influence the volume density of the zona fasciculata within cortex and/or adrenal gland.
Present results showed that acute heat stress diminished mean diameter of blood vessels only in ZF. It has been reported that ACTH administration causes remarkable dilatation of the capillaries in the zona glomerulosa and medulla, but not in zona fasciculata or reticularis. In these latter zones, due to increased permeability of the capillaries, increased blood flow leaks out into the parenchyma [20] . Alternative or additional explanation takes into consideration the influence of neuropeptide Y (NPY) on the adrenal blood vessels because this peptide causes vasoconstriction [21] . Cold stress cause increases in rat adrenal NPY mRNA [22] . The vasoconstrictor NPY coexists with noradrenaline in perivascular sympathetic nerves and its functional roles include potent vasoconstriction in the hyperadrenergic state [23] , such as exposure to stressogenic stimuli.
Next, we performed stereological study at the electron microscopy level in order to find out which subcellular components were responsible for alterations noted in glomerulosa and to a lesser extent, in fasciculata.
For zona glomerulosa cells, all investigated parameters were significantly altered: volume density of nucleus and mitochondria, as well as number of mitochondria per μm 2 of the cell were increased, while volume density of lipid droplets and their number per μm 2 of cytoplasm were decreased. It may be concluded that glomerulosa cells were diminished on the account of lipid content. Volume density of mitochondria was increased due to both diminishing of the cells and new mitochondria formation which were more densely packed in the cytoplasm. Sodium depletion, presumed to occur together with dehydration during heatexposure, may be the strong stimulus for aldosterone synthesis. Cells stimulated for aldosterone synthesis are in need for more biosynthetic units, mitochondria and smooth endoplasmic reticulum [24] . Results of stereological analysis at the ultrastructural level indicate that hormone synthesis is carried out in cells of zona glomerulosa, with increased number of mitochondria and lipid depletion. Significantly increased serum level of aldosteron in heat stressed rats in this experiment indicated the extrusion of this hormone from ZG cells.
Stereological study of zona fasciculata at the ultrastructural level revealed that the number of lipid droplets per μm 2 of the cell was decreased. Since fasciculata cells volume was increased after heat exposure, and volume density of lipid droplets remain unchanged, it may be concluded that the mean size of lipid droplets was increased. However, close apposition of some lipid droplets to the cytoplasmic face of cell membrane and their presence in the lumen of small blood vessels in this zone, pointed to possibility that lipid droplets have been extruded from cells of zona fasciculta. It is known from the literature that heat stress induces changes which were manifested by significant exhaustion of lipid droplets from parenchymal cells in mice adrenal cortex, particularly in those of zona fasciculata [8] . Previous investigation showed that cholesterol concentration in the adrenal was significantly decreased as a result of exposure of rats to heat, which indicates an increased CORT synthesis. Between the various stressors the most intense CORT synthesis, as estimated by the larger decrement of cholesterol was observed after a 60 min of heat exposure [5] . These findings were also in accordance with results of ultrastructural study reporting conspicuously reduced number of lipid droplets in adrenal gland after ACTH treatment [25] . According to Rhodin's hypothesis, cells of zona fasciculata contain lipid droplets differ in their content -some containing cholesterol as steroid hormone precursor, and the other containing hormone or its immediate precursors. Upon stimulation, hormone is released by a discharge of lipid droplets from the cell surface toward surrounding blood vessels. Although this hypothesis was subjected to strong criticism and has never been widely accepted, we suggest, on the basis of our results, that it should be reconsidered in light of contemporary evidences.
Ultrastructural analysis provided another proof in support of increased steroidogenic activity of fasciculata cells. Namely, close morphological relationship often observed between lipid deposits and mitochondria, needed for steroid hormone synthesis together with contribution of smooth endoplasmic reticulum, points to their current functional engagement.
Our observations of increased mitochondrial volume density are in line with their importance for functional activity of fasciculata cells. Since there was no registered increase in number of mitochondria per μm 2 of the cell, it seems that mitochondria became larger, following and even exceeding cell enlargement.
As it was reported before, chronic ACTH administration exerts striking effects on mitochondrial population of rat adrenal zona fasciculata cells, which involve, depending on the duration of hormonal treatment, both hypertrophy and proliferation of these organelles [26, 27] . Acute ACTH stimulation also affects mitochondrial population markedly due to sudden increase in hormonal demand. Changes are mostly related to number, size and shape of cristae, while mitochondrial volume has been reported to show only increasing tendency but without statistical significance [28] [29] [30] . Our results are in line with these data, although our treatment induced more obvious alterations. Besides, in zona fasciculata cells of heatexposed rats crystal-shaped structures in the matrix of some mitochondria were observed. They were quite similar to those noted in lysosomes of fasciculata cells after single dose administration of ACTH, interpreted as accumulation of cholesterol, cholesterol-esters or corticosterone [25] . The existence of these structures within mitochondrial matrix in heat-stressed rats may be a sign of elevated steroid biosynthesis provoked by the treatment.
Stereological study on cells of zona reticularis revealed that number of lipid droplets per cell cytoplasm and per μm 2 was increased after heat treatment. Although the cells of this zona are influenced by ACTH, storage of lipid droplets after heat stress could be explained by different regulation of this zone as compared to zona fasciculata [31] . Different reaction of adrenal zones on stress was observed after exposure to noise stress [9] . These findings indicate that each zone of the adrenal cortex shows an individual reaction to acute heat stress.
In conclusion, our results showed that applied treatment significantly elevated plasma ACTH, serum corticosterone and aldosterone levels, and induced marked ultrastructural changes in both zona glomerulosa and zona fasciculata of adrenal cortex. The response of zona glomerulosa may be interpreted as an immediate reaction to dehydration, while alterations detected in zona fasciculata, which were less extensive, were related to purely stressogenic effects of high ambiental temperature. Although effects of different types of stressors on adrenal gland morphology were thoroughly studied before, this article presents the first morphological and quantitative study of adrenal gland after acute heat stress.
